Insulin resistance is a major risk factor for type 2 diabetes mellitus. The protein encoded by the sirtuin 1 (Sirt1) gene, which is a mouse homolog of yeast Sir2, is implicated in the regulation of glucose metabolism and insulin sensitivity; however, the underlying mechanism remains elusive. Here, using mice with a liver-specific null mutation of Sirt1, we have identified a signaling pathway involving Sirt1, Rictor (a component of mTOR complex 2 [mTorc2]), Akt, and Foxo1 that regulates gluconeogenesis. We found that Sirt1 positively regulates transcription of the gene encoding Rictor, triggering a cascade of phosphorylation of Akt at S473 and Foxo1 at S253 and resulting in decreased transcription of the gluconeogenic genes glucose-6-phosphatase (G6pase) and phosphoenolpyruvate carboxykinase (Pepck). Liver-specific Sirt1 deficiency caused hepatic glucose overproduction, chronic hyperglycemia, and increased ROS production. This oxidative stress disrupted mTorc2 and impaired mTorc2/Akt signaling in other insulin-sensitive organs, leading to insulin resistance that could be largely reversed with antioxidant treatment. These data delineate a pathway through which Sirt1 maintains insulin sensitivity and suggest that treatment with antioxidants might provide protection against progressive insulin resistance in older human populations.
Introduction
The 7 members of the mammalian sirtuin family (SIRT1-SIRT7) have NAD + -dependent deacetylase activity and/or mono-ADP ribosylase activity (1) (2) (3) (4) . Their substrates include histones and nonhistone proteins that are involved in numerous biological functions, including cell growth, apoptosis, senescence, neuronal protection, adaptation to calorie restriction, organ metabolism and diseases, DNA damage response and repair, and tumorigenesis (1) (2) (3) (5) (6) (7) (8) (9) (10) (11) .
Functions of sirtuin 1 (SIRT1), a founding member of the sirtuin family, in glucose metabolism have been extensively studied at the whole-organism level. SIRT1 expression is induced upon nutritional stress (12, 13) . Activation of SIRT1 protein by fasting induces gluconeogenic genes and hepatic glucose production, whereas acute knockdown of SIRT1 in the mouse liver with the adenovirus system reduces glucose output (14, 15) . It was also reported that SIRT1 knockdown in the liver by using an antisense oligonucleotide decreases basal gluconeogenesis and increases hepatic insulin responsiveness in diabetic rats (16) . In contrast, transgenic mice with moderate overexpression of SIRT1 displayed improved glucose tolerance due to decreased hepatic glucose production, suggesting a negative role of SIRT1 in gluconeogenesis (17) . Moreover, a recent report using mice carrying a liver-specific deletion of exon 4 of the Sirt1 gene mediated by albumin-Cre (Sirt1 exon4/exon4 ;Alb-Cre mice) revealed normal levels of fasting and fed blood glucose (18) . These observations may reflect a complex role of SIRT1 in the regulation of glucose metabolism at different experimental conditions. Consistent with this view, it was shown that SIRT1 represses the high glucose production mediated by P300/CBP through deacetylating CREB-regulated transcription coactivator 2 (CRTC2) upon a short-term fasting (6 hours), whereas after long-term fasting (18 hours), SIRT1 activates gluconeogenesis through deacetylating FOXO1 (19) . Thus, activation of SIRT1 can either inhibit or enhance hepatic glucose production through interacting with different proteins at distinct stages during fasting. Nonetheless, the role of SIRT1 in gluconeogenesis under physiological conditions remains controversial and needs further investigation.
Similar inconsistent observations were also reported for liver steatosis associated with SIRT1 loss. Work performed by 2 different groups on Sirt1 exon4/exon4 ;Alb-Cre mice revealed opposite responses to a highfat diet, in terms of whether SIRT1 loss accelerates (20) or protects from (21) fatty liver formation. While the cause for this discrepancy is unclear, we recently found that Cre-loxP-mediated liver-specific deletion of exons 5 and 6 of the Sirt1 gene (Sirt1 exon5-6/exon5-6 ;Alb-Cre) resulted in spontaneous liver steatosis that is accompanied by increased expression of carbohydrate-responsive element-binding protein and a number of its downstream genes under a normal feeding condition (22) . Because the Sirt1 exon5-6/exon5-6 ;Alb-Cre mice do not produce an aberrant shorter form of SIRT1 protein, which is readily detectable in the Sirt1 exon4/exon4 ;Alb-Cre mice, it may account for, at least in part, the different phenotypes displayed in these different mutant mice.
Insulin/AKT/FOXO1 represents another important signaling pathway that controls hepatic glucose production and metabolism. In the liver, feeding increases insulin secretion, activating the AKT pathway in hepatocytes, which phosphorylates FOXO1 at S253 (S253 in mouse and S256 in human) (23) . The phosphorylated forkhead box O1 (pFOXO1) is then relocated to the cytoplasm and subjected to ubiquitinated degradation, thus leading to the reduced expression of genes that are involved in gluconeogenesis, such as glucose-6-phosphatase (G6Pase) and phosphoenolpyruvate carboxykinase 1 (Pepck) (reviewed in refs. 24, 25) . Full activation of AKT requires phosphorylation at 2 sites, T308 and S473. AKT-T308 is mainly phosphorylated by PDK1 (26, 27) . A recent study showed that AKT-S473 is specifically phosphorylated by the mammalian target of rapamycin complex 2 (mTORC2) (28) . However, the functional relevance of AKT-S473 phosphorylation in regard to FOXO1 phosphorylation and gluconeogenesis has not been established.
In this study, we investigated the effect of SIRT1 deficiency on gluconeogenesis in the Sirt1 exon5-6/exon5-6 ;Alb-Cre mice (22) and provide evidence that SIRT1 negatively regulates gluconeogenesis. We demonstrate that SIRT1 positively regulates expression of Rictor, a key component of the mTORC2 complex (29) . The reduced Rictor levels in SIRT1 mutant mice impaired phosphorylation of AKT-S473, caused hypophosphorylation of FOXO1-S253, and increased expression of G6pase and Pepck, which, in turn, resulted in chronic hyperglycemia and widespread oxidative stress and, eventually, whole-body insulin resistance under regular feeding conditions.
Results
Liver-specific deletion of SIRT1 results in hyperglycemia due to increased gluconeogenesis. To investigate the role of SIRT1 in gluconeogenesis, we first measured blood glucose levels in 1- to 2-month-old mice and detected significantly higher levels of blood glucose in Sirt1 liver-specifc knockout (Sirt1 LKO ) animals than in controls in both fed and fasting conditions ( Figure 1A and data not shown). Next,
Figure 1
Liver-specific deletion of SIRT1 causes increased hepatic glucose production. (A) Sirt1 LKO animals contain higher blood glucose under fed, 6-hour, and 24-hour fasting conditions than wild-type mice (n = 39 pairs of males) measured at 2 months of age. *P < 0.01, Student t test. (B) PTT shows Sirt1 LKO mice (n = 12) produce more glucose than wild-type mice (n = 11) at 2 month of age. *P < 0.05. (C) The expression of gluconeogenesis genes (G6pase and Pepck) is increased at the mRNA level (n ≥ 6). *P < 0.02. (D) G6pase and Pepck protein levels are also elevated. Twenty pairs of mice were used. The bar graph on right is the quantification of Western blots from all the samples. (E and F) Sirt1 LKO animals display glucose intolerance. (E) GTT assay was performed in 2-month-old males, and (F) the corresponding blood insulin level during GTT time course was determined (n = 15 pairs). *P < 0.01.
we performed a pyruvate tolerance test (PTT) to determine whether the increased blood glucose in Sirt1 LKO mice was due to increased hepatic glucose production. We found that Sirt1 LKO mice had higher blood glucose levels after pyruvate administration, suggesting increased hepatic glucose production ( Figure 1B ). Consistent with the increased hepatic glucose production, the expression levels of gluconeogenetic genes, G6pase and Pepck, were increased by 2 to 3 fold at both mRNA and protein levels ( Figure 1 , C and D). Sirt1 LKO mice also displayed glucose intolerance during a glucose tolerance test (GTT) ( Figure 1E ). We have studied insulin secretion of Sirt1 LKO mice and did not detect a significant difference in insulin content during the GTT between control and Sirt1 LKO mice ( Figure 1F ).
SIRT1 deficiency leads to hepatic insulin resistance and gradually results in whole-body insulin resistance in older mice. Under normal physiological conditions, the liver's response to insulin is the key factor in shutting down glucose production by inhibiting transcription of Pepck
Figure 2
Liver-specific deletion of SIRT1 leads to insulin resistance. (A) The livers of Sirt1 LKO mice are insulin resistant. Hyperinsulinemic-euglycemic clamp experiment of 6 control and 7 mutant mice at 2 months of age. Rd, whole-body glucose disposal rate; Basal EGP, basal endogenous glucose production; Clamp EGP, endogenous glucose production during clamp. (B) Primary hepatocytes from Sirt1 LKO liver produce more glucose and are resistant to insulin treatment (100 nM) compared with the hepatocytes from wild-type liver (n = 3). Sirt1 LKO and wild-type cells exhibit about a 2-fold difference in response to insulin treatment: glucose secretion drops to 41% in wild-type cells (P = 0.0001) and to 80% in Sirt1 LKO cells (P = 0.045). GBP, glucose production buffer. (C) ITT was performed with 2-month-old Sirt1 LKO mice (n ≥ 9 pairs). (D) ITT was performed with 6-month-old Sirt1 LKO mice. Ten wild-type mice and fifteen Sirt1 LKO mice were analyzed. Five Sirt1 LKO mice (LKO2) displayed ITT resistance; ten Sirt1 LKO mice (LKO1) were still sensitive to insulin challenge. *P < 0.01. (E) ITT performed in 14-month-old mice (n = 9). *P < 0.01. (F) Plasma insulin levels of mice at 2 months (15 pairs), 6 months (16 pairs), and 14 months (16 pairs) of age. All Sirt1 LKO mice at 2 months of age and 10 Sirt1 LKO (LKO1) mice at 6 months of age displayed normal insulin content. These mice belong to the LKO1 group. Six Sirt1 LKO mice at 6 months of age and all Sirt1 LKO mice at 14 months of age contain higher plasma insulin levels than controls (*P < 0.02). These mice belong to the LKO2 group. and G6pase after a meal (30, 31) . To investigate whether liver-specific deletion of SIRT1 causes hepatic insulin resistance, we performed euglycemic-hyperinsulinemic clamps in 2-month-old Sirt1 LKO mice and wild-type control mice. The Sirt1 LKO mice were morphologically normal and had similar body weight compared with that of controls (data not shown). The clamps indicated that the glucose infusion rate (GIR) required to maintain blood glucose at constant levels during the clamp was not different between Sirt1 LKO and control mice, indicating comparable insulin sensitivity (Figure 2A and Supplemental Figure 1 , A-C; supplemental material available online with this article; doi:10.1172/JCI46243DS1). SIRT1 mutant and control mice also showed no significant differences in the wholebody glucose disposal rate ( Figure 2A ) and 2-deoxy-glucose uptake into multiple tissues, including muscle, adipose tissue, and brown fat (Supplemental Figure 1 , D and E). These observations suggest that at 2 months of age the whole-body insulin sensitivity was normal in the Sirt1 LKO mice. Insulin tolerance test (ITT) also revealed no difference between SIRT1 mutant and wild-type mice ( Figure 2C ). However, under the clamp condition, Sirt1 LKO mice showed significantly increased endogenous glucose production (clamp EGP; Figure 2A ), suggesting hepatic insulin resistance. Consistently, primary hepatocytes from Sirt1 LKO liver produced about 2-fold more glucose than those from wild-type liver and exhibited resistance to insulinmediated inhibition of glucose production ( Figure 2B ). Altogether, these data indicate that the impact of SIRT1 loss is largely restricted to the liver at this developmental stage.
To investigate whether the older SIRT1 mutant animals developed whole-body insulin resistance, we performed ITT on 6-month-old and 14-month-old animals. At 6 months of age, among 15 mutants tested, 5 mutants (LKO2 group) displayed insulin resistance, i.e., failed to achieve a 50% or more reduction in blood glucose by 45 minutes after insulin administration, as exhibited by the remaining 10 mutants (LKO1 group) and wild-type animals ( Figure 2D ). However, at 14 months of age, all SIRT1 mutant animals tested (n = 9) displayed insulin resistance ( Figure 2E ). These data indicate that SIRT1 mutant mice gradually developed insulin resistance when they were getting older. Consistent with the insulin resistance, Sirt1 LKO mice exhibited much higher plasma insulin levels than control mice, starting from 6 months of age ( Figure 2F ). These observations underscore an essential role of SIRT1 in maintaining the normal functions of the liver in glucose production and insulin sensitivity. Impaired hepatic function of SIRT1 first causes increased glucose production in the liver, leading to hyperglycemia, which eventually results in whole-body insulin resistance in older mice.
SIRT1 deficiency impairs AKT activity through reducing AKT phosphorylation at S473. Next, we investigated possible causes for the increased expression of G6pase and Pepck genes. It has been shown that insulin represses most of the hepatic genes, and this effect is mediated through a phosphoinositide 3-kinase (PI3K) pathway, in which insulin activates PI3K, resulting in phosphorylation of AKT (32) (33) (34) . A previous study also detected a reduced level of pAKT-S473 in Sirt1 exon4/exon4 ;Alb-Cre mice fed with high-fat diet (20) . To study whether SIRT1 deficiency could also affect pAKT under regular fed condition in our mutant mice, we performed Western blot analyses using antibodies against pAKT-T308 and pAKT-S473, 2 residues that are commonly phosphorylated by upstream signaling (28) . Our data detected a marked reduction of pAKT-S473, while no change was detected on pAKT-T308 ( Figure 3A ). Direct staining of liver sections confirmed that mutant hepatocytes contained low levels of pAKT-S473, while the intensity of pAKT-T308 was comparable with that of wild-type liver ( Figure 3B ). Consistent with this, downstream targets of pAKT-T308, such as pGSK3 and p70S6K, were not affected (Supplemental Figure 2) .
It is known that insulin stimulates phosphorylation of AKT in mouse liver. To test the insulin response, insulin was injected into control and mutant animals that were fasted for 6 hours, and the livers were collected 30 minutes after injection. We found that insulin was able to stimulate the phosphorylation of AKT-S473 in wild-type liver, but it failed to do so in mutant livers ( Figure 3C ). Immunohistochemistry (IHC) on the above liver sections demonstrated that mutant livers displayed markedly reduced levels of pAKT-S473 compared with those of controls ( Figure 3D ), while no change in pAKT-T308 was observed (data not shown).
AKT regulates gluconeogenesis through affecting the stability of FOXO1, as AKT directly phosphorylates FOXO1 at S253, leading to its nuclear exclusion (35, 36) . We then checked the phosphorylation status of FOXO1 in fed livers by Western blot analysis and IHC. Western blot analysis revealed that the phosphorylation level of FOXO1-S253 was dramatically reduced in the livers of Sirt1 LKO mice ( Figure 3A ). Insulin-induced phosphorylation of FOXO1- S253 and its cytoplasm distribution were also observed in wildtype hepatocytes, but not in SIRT1 mutant primary hepatocytes, as revealed by immunofluorescent staining with an antibody against pFOXO1-S253 ( Figure 3E ). This result was confirmed by IHC staining of pFOXO1-S253 on liver sections ( Figure 3F ).
Knockdown of FOXO1 reverted the phenotype of Sirt1 LKO mice. Reduced phosphorylation of pFOXO1-S253 suggests a higher activity of FOXO1 in SIRT1 mutant liver. To investigate this, qRT-PCR was performed to detect the expression of FOXO1 downstream genes, such as p21 and Igfbp1 (35) . Indeed, expression of these genes was significantly higher in the mutant liver than in the control liver ( Figure  4A ), confirming that in SIRT1 mutant livers, FOXO1 is more active. FOXO1 positively regulates transcription of G6pase and Pepck genes (37, 38) . Using a luciferase reporter construct for the Pepck gene, we showed that ectopic expression of FOXO1 activated the Pepck promoter in HepG2 cells ( Figure 4B ). Consistent with our data that SIRT1 deficiency increases FOXO1 activity, knockdown of SIRT1 by siRNA, together with overexpression of FOXO1, synergistically elevated the Pepck promoters ( Figure 4B ). Similar data were observed in the G6pase promoter (data not shown). Together with our finding that SIRT1 mutant liver has increased levels of G6pase and Pepck, we believe that the increased FOXO1 activity is responsible for the enhanced gluconeogenesis in SIRT1 mutant liver.
To provide further proof for this notion, we performed FOXO1 knockdown in the livers of Sirt1 LKO mice by injecting lentivirus that expresses shRNA against FOXO1 through the tail vein at a dose of 1 × 10 8 viruses in 200 μl PBS per mouse. Our data indicated that knockdown of FOXO1 in Sirt1 LKO liver reverted the overexpression of FOXO1 downstream genes, including p21, G6pase, and Pepck, measured by Western blot ( Figure 4C ) and qRT-PCR ( Figure 4D ). It also restored the response of Sirt1 LKO mice to glucose challenge ( Figure 4E ) and normalized the glucose level ( Figure 4F ).
SIRT1 positively regulates expression of Rictor, a component of mTORC2 complex. AKT-S473 is phosphorylated by the mTORC2 complex in response to growth factor stimulation (39) . Our study indicated that one of mTORC2 components, Rictor, was downregulated in the Sirt1 LKO liver, while another component, Sin1, was not altered ( Figure 5A ). The decreased expression of Rictor was also detected at mRNA level in SIRT1 mutant liver (P < 0.001), embryos (P < 0.001), and mouse embryonic fibroblasts (MEFs) (P < 0.001) compared with that in wild-type controls ( Figure 5B ). These observations prompted us to hypothesize that SIRT1 plays a positive role in regulating Rictor expression. To investigate this, we performed the following further experiments.
We first performed a time-course study of Sirt1 and Rictor expression in the liver after fasting. We detected significantly increased expression of both genes 6 hours after fasting, and there is a positive correlation of SIRT1 induction and Rictor induction at multiple points thereafter ( Figure 5C ), while SIRT1 deficiency abolished Rictor induction ( Figure 5D ). Fasting-induced Rictor expression was confirmed in 2 cell lines, HepaG2 and Hepa1-6, which were derived from liver (Supplemental Figure 3A) . The induction of Rictor expression is correlated with increased SIRT1 expression, as we found that the similar fast condition failed to induce SIRT1 and also could not induce Rictor expression in HEK293 cell line, which was derived from kidney (Supplemental Figure 3A) . We further showed that overexpression of SIRT1 in these cell lines elevated the Rictor level (Supplemental Figure 3B) , while knockdown of SIRT1 by siRNA markedly reduced it (Supplemental Figure 3C ).
Next, we investigated the potential mechanism underlying the regulation of SIRT1 to Rictor expression. ChIP analysis with SIRT1 antibody detected the existence of SIRT1 on 2 fragments upstream of Rictor ATG, 803-662 bp and 716-543 bp, with the latter having much stronger binding to Sirt1 than the former ( Figure 5E ). We showed that ectopic expression of SIRT1 in Hep1-6 cells activated a luciferase reporter construct, 832-529-luc, that covers both the fragments 803-662 bp and 716-543 bp ( Figure 5F ). Using reporter constructs containing a serial deletion, we identified a 93-bp fragment, 622-529 bp, which showed the highest level of Rictor promoter induction by SIRT1 ( Figure 5F ). This fragment is critical for Rictor induction, as its deletion markedly reduced the basal level of the reporter activity and completely blocked the promoter induction by SIRT1 ( Figure 5F ). Cotransfection of reporter 622-529 bp and SIRT1 plasmids increased luciferase activity of 622-529 bp, while expression of reporter 622-529 bp with either of the 2 SIRT1 knockdown siRNA oligos reduced the luciferase activity in Hepa1-6 cells ( Figure 5G ).
In the fragment of 622-529 bp, we identified 3 predicted nuclear respiratory factor 1-binding (NRF1-binding) sites (582-585 bp, 589-592 bp, and 618-621 bp) ( Figure 5F ). Our earlier data indicated SIRT1 interacts with NRF1 and positively regulates SIRT6 expression (40) . Therefore, we suspected that NRF1 might be involved in the regulation of Rictor by SIRT1. In a reciprocal immunoprecipitation experiment, we demonstrated that SIRT1 and NRF1 interacted with each other ( Figure 5H ). Our further experiments found that, like SIRT1, NRF1 also interacts with the fragment 716-543 bp ( Figure 5I ). shRNA knockdown of NRF1 dramatically decreased the endogenous Rictor level ( Figure 5J ). At the same time, in luciferase activity assay, shRNA-mediated knockdown of NRF1 ( Figure 5 , J and K) not only reduced the basal level of the Rictor promoter reporter activity, it also blocked induction of Rictor by SIRT1 ( Figure 5K ). These data uncover an essential role for SIRT1 and NRF1 in maintaining Rictor expression.
It was previously shown that SIRT1 overexpression in transgenic mice causes a moderate increase of Nrf1 mRNA level (41) . Thus, it is conceivable that SIRT1 deficiency could also reduce expression of NRF1, leading to decreased Rictor expression. To investigate this, we checked the NRF1 protein level in SIRT1 mutant liver and did not detect an obvious change in NRF1 expression (Supplemental Figure 4A) . In Hepa1-6 cells, acute knockdown of SIRT1 also did not have an obvious change in NRF1 expression (Supplemental Figure 4B ). Our data also indicated that NFR1 overexpression did not overcome the effect of SIRT1 deficiency on Rictor expression (Supplemental Figure 4C ). Finally, we also overexpressed SIRT1 and found it did not affect NRF1 expression (Supplemental Figure 4D ). This is consistent with the observation that SIRT1 and NRF1 interact with each other on the Rictor promoter that is required to maintain Rictor expression and rules out the possibility that the reduced Rictor expression is due to decreased NRF1 in SIRT1 mutant liver. Rictor negatively regulates hepatic glucose production. The data we obtained so far suggest that Rictor may mediate SIRT1 function in regulating hepatic glucose production. To investigate this further, we first performed shRNA-mediated acute knockdown of Rictor in wild-type primary hepatocytes. Two shRNAs against different sequences of Rictor significantly increased glucose production ( Figure 6A ). In the primary hepatocytes with Rictor knockdown, there was about a 2-fold increase of glucose production in the presence of insulin ( Figure 6A ) compared with that in control knockdown cells.
We then knocked down Rictor in vivo by injecting the Rictor shRNA lentivirus into 3-month-old wild-type male mice through the tail vein. The mice were injected with control virus (shLuc) or Rictor shRNA virus (shRictor) twice, with 7 days between injections. One week after the second injection, PTT assay was carried out. Forty-five minutes after administration of pyruvate, the mice with shRictor produced significantly more glucose than the mice with shLuc. The increased level of glucose lasted until 100 minutes after pyruvate injection ( Figure 6B) . Glucose tolerance was also tested with this group of mice ( Figure 6C ). The wild-type mice carrying shRictor displayed significant GTT intolerance during the 2-hour testing period. However, ITT did not reveal difference between the 2 groups of mice (data not shown). Finally, levels of Rictor and pAKT-S473 were assessed with the liver tissues from these mice ( Figure 6 , D and E). Lentivirus-based shRNA was able to significantly decrease Rictor level in the livers. The reduction of Rictor was accompanied with diminished pAKT-S473, both in insulin-stimulating situation ( Figure 6D ) and a normal fed condition ( Figure 6E ). We further showed knockdown of Rictor in the liver reduces Ser253 phosphorylation of FOXO1, which results in the activation of FOXO1 activity, illustrated by increased levels of G6pase, Pepck, and p21 at both protein and mRNA levels ( Figure  6 , F and G).
Next, we investigated whether adding back Rictor could restore FOXO1 inhibition. To perform this study, we delivered Rictor by lentivirus injection through the tail vein. The data showed that overexpression of Rictor inhibited the expression of FOXO1 downstream genes at both mRNA level and protein level ( Figure 6 , H and I). It also significantly improved GTT ( Figure 6J ) and increased AKT-S473 phosphorylation ( Figure 6H ). Because pAKT-S473 plays an essential role in regulating glucose production (20) , our data suggest that the increased AKT activity may mediate the inhibition effect of Rictor in gluconeogenesis, although other mechanisms could not be ruled out.
Insulin resistance in Sirt1 LKO mice is associated with increased intracellular ROS that can be reversed by antioxidants. We showed earlier that impaired hepatic function of SIRT1 causes increased hepatic glucose production and hyperglycemia, which eventually results in insulin resistance when animals get older. It has been shown that chronic overdosed glucose in the body may eventually cause glucose toxicity that is reflected mainly as increased ROS level (38) (39) (40) (41) . To investigate this case, we measured the H 2 O 2 level in young (2 months of age) and old (18 months of age) Sirt1 LKO and control mice. Our analysis detected increased H 2 O 2 only in brown adipose tissue (BAT) of young Sirt1 LKO mice (Supplemental Figure 5A) . In contrast, in old mutant mice, increased H 2 O 2 had spread to more tissues, including white adipose tissue, skeletal muscle, and spleen, with the highest level in BAT ( Figure 7A ). Since most of these tissues are insulin-responsive tissues, next we examined members in the insulin signaling pathway. Our Western blot analysis revealed no obvious consistent changes in IRS-1, IRS-2, insulin receptor β and α, or pAKT-T308 in the tissues investigated (data not shown). However, it detected a marked reduction of AKT-S473 phosphorylation in these tissues ( Figure 7B ), while the total SIRT1 protein level remained the same ( Figure 7C ). Because reduced pAKT-S473 impairs insulin signaling, these data are in good correlation with the finding that Sirt1 LKO mice developed insulin resistance.
We were initially surprised that these tissues had reduced pAKT-S473, as we only deleted SIRT1 in the liver. Because these Sirt1 LKO mice also exhibited elevated levels of H 2 O 2 , we suspected that the accumulation of intracellular ROS could serve as a cause for the reduced pAKT-S473. To prove this hypothesis, we treated cultured 293HEK cells with H 2 O 2 and found that the treated cells lost the phosphorylation of AKT-S473 induced by insulin ( Figure  7D) , which is consistent with our finding that elevated H 2 O 2 in the body reduced AKT-S473 phosphorylation. Since the level of pAKT-S473 is primarily controlled by the activity of mTORC2, we also followed the level of mTORC2 components. Our data detected no changes in the total amount of each component (mTOR, Rictor, and Sin1) of the mTORC2 complex in the Sirt1 LKO mice (Supplemental Figure 5B) . Similar to what we found in tissues, H 2 O 2 -treated cells did not display changes in mTOR, Rictor, and Sin1 protein levels ( Figure 7D ). Then, we asked whether it was possible that the complex formation of these proteins was affected. When coimmunoprecipitation was performed on these samples, H 2 O 2 -treated cells exhibited decreased binding of mTOR and Rictor to Sin1 ( Figure 7E ). To confirm this is the case in animal tissues, adipose tissues from control and Sirt1 LKO mice were taken to perform an immunoprecipitation with antibody against Sin1. We detected a much lower association of Sin1 with mTOR and Rictor in Sirt1 LKO mouse adipose tissues ( Figure 7F ), suggesting that old Sirt1 LKO mice became insulin intolerant due to increased H 2 O 2 levels, which impaired the complex formation of mTORC2, and decreased pAKT-S473 levels in response to insulin treatment.
If the elevated level of H 2 O 2 is a cause for insulin resistance, we reasoned that treatment with reagents that reduce oxidative stress or decrease intracellular ROS should at least partially reverse the insulin resistance in the Sirt1 LKO mice. To test this, we treated Sirt1 LKO mice with resveratrol or N-acetyl-L-cysteine (NAC), which were reported to reduce intracellular ROS (42, 43) . Our data indicated that the treatment with either reagent significantly reduced the ROS level in multiple tissues of the Sirt1 LKO mice ( Figure 8A) . We further showed that both reagents achieved similar significant improvement of insulin response compared with that of untreated mice, revealed by ITT (Figure 8, B and C) , without an obvious effect on blood glucose levels (Supplemental Figure 5C ) and hepatic AKT phosphorylation on S473 (Supplemental Figure 5D ). Thus, these data indicate that ROS reduction is a major reason behind sensitization of Sirt1 LKO mice to insulin.
Discussion
The importance of insulin and its downstream effecter AKT to glucose homeostasis has been studied extensively (42, 43) . PDK1 and mTORC2 are both needed to fully activate AKT, which provides another layer of regulation downstream of the insulin-insulin receptor pathway (28) . mTORC2 is composed of 2 unique components, Rictor and Sin1, and 2 common components, mTOR and mLST8, that are shared with mTORC1. Deletion of Rictor or Sin1 only impaired the phosphorylation of AKT at S473 upon insulin stimulation in MEFs (39, 44, 45) . Activation of AKT in hepatocytes results in the phosphorylation of the FOXO1 transcription factor, leading to its transportation to the cytoplasm and degradation (46) . This results in the reduced expression of G6Pase and Pepck and diminished glucose production and elevated synthesis of glycogen in the liver. Conversely, the absence of AKT-S473 phosphorylation reduces the phosphorylation of FOXO1/FOXO3a, which is important for the maintenance of the transcriptional activity of FOXOs (39, 44) . However, how mTORC2 expression and/or activity are regulated remains elusive. In this study, we showed that SIRT1-deficient liver has an impaired insulin response, primarily due to reduced phosphorylation of AKT-S473 in the presence of insulin. Our data demonstrated that SIRT1 controls the expression of Rictor, a component of the mTORC2, through interaction with NRF1 on the NRF1-binding sites of Rictor promoter. This relationship further illustrates the importance of a fine-tuning in the metabolic pathway and in maintaining insulin sensitivity.
In most cases, SIRT1 serves as a negative regulator of gene expression presumably due to its histone deacetylase activity. However, recent studies indicated that SIRT1 could activate gene expression through deacetylating or interacting with transcription factors in the promoter of downstream genes. It was shown that SIRT1 positively regulates PGC-1α-dependent gene expression through deacetylating PGC-1α, in terms of energy demand, such as under fasting and physical exercise conditions (14, 47) . SIRT1 interacts with PPARα and induces the expression of PPARα target genes, including PGC-1α (21) . More recently, we found that SIRT1 forms a protein complex with NRF1 and FOXO3a on the SIRT6 promoter and maintains SIRT6 expression (40) . Our data that SIRT1 and NRF1 form a protein complex on the NRF1 binding sites in the Rictor promoter is consistent with a positive role of SIRT1 on gene expression. We have also performed SIRT1 ChIP assay on G6Pase and Pepck promoter regions that are heavily guarded by histone acetylation modification and did not detect an enrichment of SIRT1 in these promoter regions (data not shown), ruling out the possibility that SIRT1 could directly regulate expression of these genes by modifying histone acetylation.
Abnormal regulation of hepatic glucose production is one of the causes for several human health problems, such as insulin resistance, type 2 diabetes, nonalcoholic fatty liver disease, and liver cirrhosis (48) . In our study, we showed that all young Sirt1 LKO animals initially suffered from hepatic glucose overproduction and hyperglycemia. They gradually developed insulin resistance as their age increased and eventually all exhibited whole-body insulin resistance, which is accompanied by increased levels of ROS in their insulin-response organs. Increased level of ROS is one of the major causes for insulin resistance (49) (50) (51) (52) (53) . However, how ROS causes insulin resistance remains elusive. In the Sirt1 LKO mice, we demonstrated that it is the hyperglycemia-induced ROS that results in the insulin resistance, because treating these mice with antioxidative reagents, resveratrol or NAC, significantly reversed this phenotype. Our study also uncovers a mechanism about how the hyperglycemia-induced ROS causes insulin resistance in many other tissues/organs, despite the fact that they are wild type for SIRT1. We found that ROS prevents mTORC2 protein complex formation by disassociating interactions among mTOR, Rictor, and Sin1. The failure of mTORC2 complex formation reduces phosphorylation of AKT-S473 and consequently promotes insulin resistance. This event is similar to our finding that SIRT1 deficiency in the liver decreases pAKT-S473 due to a reduced level of Rictor, a critical component of mTORC2, thereby underscoring an important role for SIRT1 in maintaining activity of mTORC2 complex and providing a mechanism how the hepatic insulin resistance caused by liver specific loss of SIRT1 eventually spread to other insulin-sensitive tissues/organs.
Our previous study revealed that about 30% of Sirt1 LKO mice developed fatty liver starting at 2 months of age (22) . Although liver steatosis is sometime correlated with overproduction of glucose (54) , it is unlikely that fatty liver is a cause for hyperglycemia, as this lesion occurs in all Sirt1 LKO mice at 2 months of age. In theory, fatty liver could serve as a cause for hepatic insulin resistance, but it is not always the case (reviewed in refs. 25, 54, 55) . It is also shown that some animal models that suffer from liver steatosis had normal response to insulin, such as SIRT6 mutant mice (40) . Thus, we believe that the effect of fatty liver on the development of insulin resistance in SIRT1 mutant mice is minor.
Previous studies also indicated that SIRT1 deacetylates FOXO1 at later stages of fasting and activates gluconeogenesis (19) . Therefore, we have investigated the possibility that SIRT deficiency could affect acetylation of FOXO1. However, our analysis detected no obvious difference in FOXO1 acetylation between SIRT1 mutant and control mice at the normal feed condition, and the acetylated form of FOXO1 only slightly increased at 24 hours after fasting in the mutant liver compared with that in the control liver (Supplemental Figure 6 ). Since hyperglycemia is developed under the normal feed condition, which is accompanied by substantially reduced pFOXO1 S253, we believe the effect of SIRT1 on FOXO1 is primarily through phosphorylation, which targets FOXO1 to the cytoplasm for degradation. The effect of increased FOXO1 acetylation during fasting should be minor but is currently unclear. Upon short-term fasting (6 hours), SIRT1 is also found to repress glucose production through deacetylating CRTC2 (19) . The impact of CRTC2 acetylation during short-term fasting on SIRT1 mutant mice is not clear and will be further investigated.
Of note, our finding that liver-specific disruption of SIRT1 increased gluconeogenesis is contradictory to previous studies of SIRT1 mutant mice, which did not report an obvious change in glucose production (18, 20, 21) . We have considered whether this discrepancy could be caused by a difference in genetic background, as our Sirt1 ex5-6/ex5-6 ;Alb-Cre mice were in a mixed FVB/129/ Black Swiss genetic background, and the other Sirt1 ex4/ex4 ;Alb-Cre mice were in C57BL/6 genetic background. To investigate this, we backcrossed our SIRT1 mutant mice 6 times into C57BL/6 genetic background (>98%) and analyzed these mice when they were 6 weeks of age (Supplemental Figure 7) . Our data indicate that the phenotypes of these mice, in terms of glucose production, gene expression, AKTS473 phosphorylation, and response to glucose challenge, are similar to SIRT1 mutant mice in mixed background. Based on these data, we do not believe that the genetic background is a major cause for difference between the mice in our study and the previously reported SIRT1 mutant mice. Because different mutant strains were used in the previous investigations (Sirt1 ex4/ex4 ) (56) and the present study (Sirt1 ex5-6/ex5-6 ) (8), we could not rule out the possibility that the different mutant SIRT1 alleles could serve as a cause for the observed phenotypic difference, in addition to potential differences in animal housing and feeding conditions.
In summary, we showed that SIRT1 and NRF1 form a protein complex on the promoter of Rictor and positively regulate its expression. Hepatic-specific deletion of SIRT1 decreases the expression of Rictor, leading to reduced phosphorylation of AKT-S473. This event maintains the nuclear localization of FOXO1 and increases the expression of gluconeogenetic genes, G6pase and Pepck, leading to hepatic glucose overproduction and hyperglycemia. Insulin resistance in Sirt1 LKO mice starts in the liver and gradually spreads to the whole body in older animal, due to chronic hyperglycemia-induced ROS in other organs/tissues. The increased ROS, in turn, disrupts mTORC2 complex formation and impairs Rictor-pAKT signaling in insulin-sensitive tissues, such as adipose tissues and muscle, leading to insulin resistance ( Figure 8D ). It has been reported that many human patients with type 1 diabetes who are treated with intensive insulin therapy from the onset of the disease eventually developed insulin resistance (57) . Prolonged obesity conditions also frequently induce insulin resistance (58, 59) . While the development of insulin resistance is complex and many unknown factors might be involved, it may be interesting to examine whether any patients might have increased ROS levels and impaired mTORC2 signaling, so that a personalized therapeutic approach against oxidative stress might be designed and tested. Our Sirt1 LKO mice mimic the progressive insulin resistance caused by chronic hyperglycemia-induced ROS in human patients and could serve as an animal model for screening and testing preventive/therapeutic antioxidative drugs for overcoming human insulin resistance.
Methods
Animals. Male and female Sirt1 flox5-6 ;Alb-cre mice were intercrossed to generate Sirt1 LKO mice and controls. These mice were either in a mixed genetic background of 129/FVB/Black Swiss or a C57BL/6 background (>98%). Mice were maintained in 12-hour-light cycle environment. All the animal studies were carried out with 2-month-old males unless otherwise mentioned.
Glucose measurement. Mice were maintained under fed conditions with regular chow or fasted. At different ages, glucose was measured using a Contour glucose meter (Bayer) and Contour blood glucose test strips (Bayer).
PTT. Mice at 2 months of age were fasted overnight. After measuring the body weight and blood glucose level, 20% pyruvate in PBS was injected into each mouse i.p. at 100 μl/10 g body weight. The blood glucose level was monitored with a glucose meter at 15-minute intervals during a 2-hour time course.
GTT. Mice at 2 months of age were fasted overnight. After measuring the body weight, 20% glucose was injected into each mouse i.p. at 100 μl/10 g body weight. The blood glucose level was measured with a glucose meter at 15-minute intervals during a 2-hour time course. In order to analyze insulin secretion during GTT, blood was collected 0, 15, and 120 minutes after glucose injection, and serum was prepared from these blood samples.
ITT. Mice at 2, 6, or 14 months of age were fasted for 4 hours. After measuring the body weight and glucose level, insulin (HumulinR, Lilly) was injected into each mouse i.p. 0.8 u/kg body weight. The blood glucose level was measured with a glucose meter at 15-minute intervals during a 2-hour time course.
Hyperinsulinemic euglycemic clamps. Eight pairs of 2-month-old mice underwent surgery and recovered for a week. After an overnight fast (~16 hours), a 2-hour hyperinsulinemic euglycemic clamp was carried out in awake Sirt1 LKO and wild-type mice. Detailed method are as follows. The clamp studies were performed in conscious, restrained mice. Four days before the clamp experiment, mice were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine. A catheter was inserted into a lateral incision on the right side of the neck and advanced into the superior vena cava via the right internal jugular vein. The catheter was then sutured into place according to the protocol of MacLeod and Shapiro (60) . Experiments were started at 1,000 hours, after a 4-hour fast. The basal rates of glucose turnover were measured by continuous infusion of [3-3 H]glucose (0.05 μCi/min) for 120 minutes, which followed a bolus of 2 μCi. Blood samples (20 μl) were taken at 90 and 115 minutes of the basal period for the determination of plasma [ 3 H]glucose concentration. A 120-minutes hyperinsulinemic euglycemic clamp was started at 12:00 AM. Insulin was infused as a bolus of 18 mU/kg over a period of 3 minutes, followed by continuous insulin infusion at the rate of 2.5 mU/kg/min (HumulinR; Eli Lilly) to raise the plasma insulin concentration to approximately 2 ng/ml. During the clamp study, blood samples (20 μl) were collected via a small nick in the tail vein at 15-minute intervals for the immediate measurement of plasma glucose concentration, and 20% glucose was infused at variable rates to maintain plasma glucose at 140 mg/dl. Insulin-stimulated whole-body glucose flux was estimated using a continuous infusion of high-pressure liquid chromatography-purified [3-3 H]glucose (0.1 μCi/min; NEN Life Science Products) throughout the clamps. To estimate insulin-stimulated glucose transport activity and metabolism in skeletal muscle, 2-deoxy-d-[1-14 C]glucose (NEN Life Science Products) was administered as a bolus (10 μCi) at 45 minutes before the end of clamps. Blood samples (20 μl) were taken at 80, 85, 90, 100, 110, and 120 minutes after the start of clamps for the determination of plasma [ 3 H]glucose, 2-deoxy-d-[1-14 C]glucose, and 3 H2O concentrations. Additional blood samples (10 μl) were collected before the start and at the end of clamp studies for measurements of plasma insulin concentration. All infusions were performed using microdialysis pumps (CMA/Microdialysis, Acton). At the end of the clamp period, animals were anesthetized with a ketamine-xylazine injection. Within 5 minutes, gastrocnemius muscle from hind limbs, epididymal and BAT, and liver were removed. Each tissue, once exposed, was dissected within 2 seconds, frozen immediately using liquid nitrogen-cooled aluminum blocks, and stored at -70°C for later analysis.
Calculations. The determination of plasma [3-3H] glucose and 2-deoxyd-[1-14C]glucose concentrations and tissue 2-deoxy-D-[1-14C]glucose-6phosphate was performed as described previously (61) . Basal endogenous glucose production was calculated as the ratio of the preclamp [3-3H]GIR (dpm/min) to the specific activity of the plasma glucose (mean of the values in the 90- and 115-minute basal preclamp period in dpm/μmol). Clamp whole-body glucose uptake was calculated as the ratio of the [3-3H]GIR (dpm/min) to the specific activity of plasma glucose (dpm/μmol) during the last 30 minutes of the clamp (mean of the 90- to 120-minute samples). Clamp endogenous glucose production was determined by subtracting the average GIR in the last 30 minutes of clamp from the whole-body glucose uptake. Muscle and white adipose tissue and BAT glucose uptake was calculated from the plasma 2-deoxy-d-[1-14C]glucose concentration profile (using plasma 14°C counts at 80-120 minutes, the area under the curve was calculated by trapezoidal approximation) and tissue 2-deoxy-d-[1-14C]glucose-6-phosphate content as described previously (61) . Insulin measurement. Serum was used for insulin measurements either with a Rat Insulin ELISA Kit (Crystal Chem Inc.) or by the RA method. Insulin was measured by the Metabolic Core Facility at National Institute of Diabetes and Digestive and Kidney Diseases.
Lentivirus injections. Male mice at 3 months of age were randomized into 2 groups. Through the tail vein, 1 group was injected with shLuciferase lentivirus; the other group was injected with shRictor, shFOXO1, or Rictor overexpressing lentivirus at 100 million virus/200 μl PBS/mouse. All the lentivirus vectors were purchased from OpenBio System as sets. After verifying every single vector's efficiency, the 2 most effective vectors were chosen to produce lentivirus. The injections were carried out twice, with 1 week between each other.
Isolation of primary hepatocyte and glucose production assay. Mouse hepatocytes were isolated via in situ collagenase perfusion and differential centrifugation on a Percoll gradient (Roche) as previously described (62).
